͑GaMn͒N is a topic of much current controversy. Rao and Jena suggested ͓Phys. Rev. Lett. 89, 185504 ͑2002͔͒ that a high Curie temperature detected in some of the ͑GaMn͒N samples is a result of the formation of small Mn clusters carrying giant magnetic moments. We report a detailed density-functional-theory study of the effect of the Mn clustering on the electronic structure, exchange interactions, and Curie temperature in ͑GaMn͒N. In contrast to the prediction, the Curie temperature decreases with the formation of the clusters. The main reason for this decrease is the splitting of the impurity band because of the intracluster Mnu Mn interaction that results in a decreased double-exchange effect. Additionally, the clustering increases the sensitivity of the magnetic properties with respect to the compensating defects.
I. INTRODUCTION
The vision of semiconductor spin-electronics attracts immense experimental and theoretical attention to the design of the materials suitable for the realization of effective spininjection into a semiconductor at room temperature. Among the requirements for these materials is a Curie temperature well above room temperature. After the detection of the ferromagnetism of ͑GaMn͒As with the Curie temperature as high as 110 K, 1 the diluted magnetic semiconductors ͑DMS͒ are considered as one of the most promising classes of materials. Despite intensive efforts, the Curie temperature of ͑GaMn͒As samples could not, however, be increased above 160 K. 2 The prediction by Dietl et al. 3 of the high-T c ferromagnetism in ͑GaMn͒N induced numerous experimental studies on this system. High Curie temperatures up to 940 K were, indeed, detected by a number of groups. 4 On the other hand, some experimental groups question the ferromagnetism of ͑GaMn͒N even in the low-temperature ground state. 5 Also on the theoretical side, the character of the magnetic state in ͑GaMn͒N is a matter of debate. Dietl et al. used as the basis for their prediction the Zener model that assumes the mediation of the magnetism by the semiconductor states. 3 On the other hand, other researchers 6 argue that to understand the magnetism of the III-V DMS, the double-exchange model based on a physical picture of the d-electron hopping between atoms with strong on-site Hund's exchange must be invoked.
An alternative to the model-Hamiltonian approaches is the density-functional-theory ͑DFT͒ calculations that intend to treat systems in their detailed complexity. In the realistic DFT calculations, different types of exchange interactions intermix and influence each other. Because of this generality, the DFT methods are able to describe the systems with various types of exchange interactions and are well suited for the investigation of this controversial material. 7, 8 One of the very important, but up to now weakly studied, issues in the magnetism of DMS is the role of the impurity clustering. Recently, Rao and Jena 9 presented the DFT calculations of the nitrogen-doped Mn clusters and formulated an interesting hypothesis that explains a very high-T c ferromagnetism observed in some of the ͑GaMn͒N samples. The hypothesis is based on the assumption of the formation in ͑GaMn͒N of small Mn clusters carrying giant magnetic moments. The giant cluster moments are assumed to interact strongly and, therefore, to be the reason for the high Curie temperature.
In this paper, we report a detailed DFT study of the influence of the Mn clustering on the magnetism of ͑GaMn͒N. We confirm the assumption of Rao and Jena concerning the formation of giant cluster moments. We show, however, that the effect of the Mn clustering on the Curie temperature is opposite to the effect predicted.
II. CALCULATIONAL RESULTS AND DISCUSSION
The calculations are based on the supercell approach where one or several Ga atoms in a supercell of the semiconductor crystal are replaced by Mn atoms. Two types of the impurity patterns are considered. The first is a uniform pattern with one Mn atom per supercell. The second is a clustered pattern where two, three, or four Mn impurities per supercell replace, respectively, two, three, or four Ga atoms in the vertices of the Ga tetrahedron formed by the nearest neighbors of an N atom. All calculations of the clustered systems are performed for the 2a ϫ 2a ϫ 2a supercell, where a is the lattice parameter of the zinc-blende structure. To refer to different systems, we will use the notation of a p cluster, where p =1,2,3,4 is the number of impurities per supercell. The parameter p will be referred to as the size of the cluster.
First, we study the influence of the impurity clustering on the electronic structure of the ferromagnetically ordered ͑GaMn͒N. Then, the stability of the ferromagnetic state is investigated by calculating Heisenberg's exchange parameters and the Curie temperature.
The calculated values of the Mn atomic moment depend weakly on both Mn concentration and clustering and vary in a narrow interval, from 3.37 B to 3.43 B . Therefore, the magnetic moment of the cluster is roughly proportional to the size of the cluster and for the four-cluster case has a large value of 13.72 B . This large value is in correlation with the prediction by Rao and Jena. However, the conclusion about the formation of giant cluster moments is justified only in the case in which the thermodynamics of the system can be described in terms of cluster moments. For this condition to be satisfied, the thermal fluctuations of the relative directions of the Mn atomic moments belonging to the same cluster must be much smaller than the fluctuations of the relative directions of the atomic moments belonging to different clusters. This problem will be addressed below.
A. Density of states
In Fig. 1 , the calculated Mn 3d DOS is shown. First we compare two uniform Mn distributions with x = 3.125% and x = 12.5%. The characteristic feature of ͑GaMn͒N is the group of the Mn 3d spin-up states that form the impurity band in the energy region of the semiconducting gap. The comparison of the uniform impurity distributions shows that the main result of the increased concentration is, in this case, the broadening of the peaks of the DOS. This broadening reflects an increased interaction between impurity states with decreasing distance between nearest impurity atoms.
The clustering of the Mn atoms leads to a strong change in the character of the impurity band that is now split into several parts ͑Fig. 1͒. To understand the physical origin of the splitting caused by the clustering, we consider in Fig. 2 the partial 2p DOS of N atoms for ͑GaMn͒N with x = 3.125% ͑one-cluster case͒. The nitrogen atoms neighboring to the Mn impurities contribute strongly to the impurity-band states. This reveals strong Mn 3d -N 2p hybridization of the neighboring Mn and N atoms. On the other hand, the N 2p contribution into the impurity band decays strongly with increasing distance of the N atom from the Mn impurity. The spatial decay is characteristic for the impurity states lying in the semiconducting gap.
The following explanation of the splitting of the impurity band with clustering can now be suggested. The spatial closeness of the Mn atoms belonging to the same cluster and strong Mn 3d -N 2p hybridization with neighboring nitrogen atoms lead to a strong effective interaction between the Mn 3d states within the cluster. Like in a molecule, the degenerate atomic levels split as a result of the interatomic intracluster interactions. The number of subgroups of the energy levels and the energy distances between them have a tendency to increase with increasing number of interacting atoms. Because of the spatial decay of the states, the broadening through the intercluster interaction is not sufficient to merge the levels split by the intracluster interaction in one group. These features of the electron structure are crucial for the understanding of the character of the Mn-Mn exchange interactions.
B. Exchange parameters and Curie temperature
To estimate the parameters of the interatomic exchange interactions, we map the results of the DFT calculations on an effective Heisenberg Hamiltonian of classical spins,
where , Ј label the Mn sublattices and m, mЈ label the cells. We use the calculational scheme based on the frozenmagnon approach as described earlier. 10 A frozen-magnon state is characterized by a certain wave vector q. Calculating the total energies of the frozen-magnon states for a regular q mesh, one obtains Fourier transforms of the exchange parameters. The back-Fourier transformation gives Heisenberg's exchange parameters. For the clustered systems considered in the paper, the determination of the exchange parameters consists of two steps. In the first step, the frozen-magnon calculations are performed for cluster moments. In the second step, the frozenmagnon calculations are done for one of the Mn sublattices. These two calculations give the exchange interactions between, respectively, cluster moments and the atomic moments belonging to one sublattice. Since all p Mn sublattices are equivalent, these calculations are sufficient for determining the Heisenberg exchange parameters in the system. In the mean-field approximation, the effective exchange fields acting on a given Mn moment from the Mn atoms outside of the given cluster and from the Mn atoms belonging to the same cluster are determined by the parameters
The calculated values of the exchange parameters are collected in Table I . The ferromagnetic intracluster exchange is in agreement with previous estimations of this quantity. 7, 9 Much stronger intracluster ferromagnetic exchange interaction compared to the intercluster interactions allows us to treat the thermodynamics of the system in terms of the rigid giant cluster moments. The Curie temperature of the system can be estimated as
The result of the calculation of the Curie temperature ͑Fig. 3͒ is opposite to that predicted by Rao and Jena: the clustering of the Mn atoms leads to a strong decrease of the Curie temperature. The Curie temperature drops not only compared with a uniform distribution of the same number of impurities, it also has a puzzling trend to decrease with the replacement of single impurities by impurity clusters.
C. Interpretaion in terms of double-exchange and superexchange effects
An interpretation of the results of realistic DFT calculations is complicated by the complexity of the many-band interactions inherent for the DFT approach. Therefore, to explain this result it is useful to, first, discuss the influence of the frozen magnons on the total energy within the simple tight-binding model. The schematic picture in Fig. 4 helps to relate the properties of the simple model to the features of the realistic DFT calculations ͑Figs. 1 and 3͒. (The three panels in Fig. 4 correspond to the uniform Mn distributions with concentrations of 3.125% ͓panel ͑a͔͒ and 12.5% ͓panel ͑b͔͒ and the four-cluster case ͓panel ͑c͔͒.)
In its physical essence, the mechanism of the effective positive exchange interaction in ͑GaMn͒N is similar to the mechanism of the double exchange. 11 The strong exchange splitting of the Mn 3d states makes occupation of the Mn 3d spin-down states energetically unfavorable. One isolated energy band in an exchange field generated by a frozenmagnon magnetic configuration is described within a tightbinding approximation 10 by the expression cos
, where ͑k͒ is the nonmagnetic band and ⌬ is the exchange splitting. The deviation of the atomic moments from parallel directions leads to the narrowing of the band keeping the position of the center of gravity unchanged ͑see Fig. 4 and its caption͒. If the band is empty or completely filled, the change of the magnetic configuration does not change the contribution of this band, to the total energy. For a partially filled band, the total energy of the occupied states increases with increasing noncollinearity that gives a positive ͑ferromagnetic͒ contribution to the interatomic exchange. In contrast to the double exchange, the superexchange is essentially a many-band mechanism. The simple Anderson's formula for the superexchange J =−b 2 / ␦ ͑Ref. 12͒ is, in its essence, a standard second-order perturbation expression for the energy of a nondegenerate level, where ␦ is the energy distance to the first excited state and b is a small parameter describing the efficiency of the interlevel interaction caused by the perturbation. The expression is always negative since the interaction takes the form of the hybridizational repulsion where the lower level is bonding and decreases its energy. The consideration of two tight-binding bands in a frozenmagnon field shows that the hybridizational repulsion caused by a frozen magnon takes place also in this case. 10 If the lower state is occupied and the upper state is empty, the repulsion decreases the energy of the system and gives negative ͑antiferromagnetic͒ contribution in the interatomic exchange parameters.
The energy increase caused by the double-exchange mechanism depends on the width of the partially filled band and the degree of the occupation of this band. On the other hand, the negative superexchange contribution depends on the energy distance between interacting states and the overlap of their wave functions.
In the case of a uniform impurity distribution, the width of the impurity band increases with increasing Mn concentration. For any impurity concentration there is one hole per Mn atom. This results in a monotonous increase of the interatomic exchange interactions and Curie temperature with increasing Mn concentration ͑Fig. 3͒.
In the clustered case, instead of one broader feature there is a group of separated impurity subbands. The ferromagnetic interaction caused by the double-exchange effect comes from the partially occupied subband. The width of the partially occupied subband tends to decrease with increasing cluster size ͑Figs. 1 and 4͒. Simultaneously, the splitting leads to a decrease in the number of holes per Mn atom in the partially filled subband. For example, the number of hole states per Mn atom in the four-cluster case is one-fourth of the corresponding number for the one-cluster case. Both the decrease of the width of the partially filled band and the decrease of the number of holes per Mn atom lead to a decreased double-exchange effect producing the trend to lower Curie temperature.
To elucidate the role of the superexchange, we performed a calculation of the interatomic exchange parameters and the Curie temperature as a function of the band occupation ͑Fig. 3͒. The value of n = 1 corresponds to the situation where all energy bands are either completely filled or empty. The negative values of T c ͑1͒ reveal prevailing antiferromagnetic interactions in agreement with the concept of antiferromagnetic superexchange through completely occupied bands. The increase of T c ͑n͒ with deviation from n = 1 either to higher or to lower n values confirms that partial occupation of the bands gives a ferromagnetic contribution to interatomic exchange interactions. The value of ͓T c ͑0͒ − T c ͑1͔͒ providing an estimation of the positive contribution to the interatomic exchange caused by the partial filling of the band is similar in both cases. Therefore, the reason for a lower T c value in the four-cluster system is a more negative T c ͑1͒ that can be related to the decreased distance between hybridizing spin-up and spin-down states ͑Figs. 1 and 4͒.
Another important effect of the clustering is an increased dependence of the Curie temperature on the presence of uncontrolled donor defects. Indeed, the compensation of 10% of the holes changes, in the four-cluster case, the intercluster exchange from ferromagnetic to antiferromagnetic ͑Fig. 3͒. Since the number of holes is already decreased by the band splitting, this level of compensation is very low. This effect can be one of the reasons for nonferromagnetic or low-T c states obtained experimentally for some of the ͑GaMn͒N samples.
D. Concluding remarks
Concluding, we briefly comment on the difference between ͑GaMn͒N and ͑GaMn͒As. In ͑GaMn͒As, the impurity band merges with the valence band, which leads to a much slower spatial decay of the states. As a result, the effect of the clustering on the Curie temperature in ͑GaMn͒As is much weaker. This property correlates with a much smaller scattering of the experimental Curie temperatures in the case of ͑GaMn͒As.
Note that the calculations presented in the paper were performed for unrelaxed atomic positions of the semiconductor matrix. The replacement of Ga atoms of a bulk semiconductor by Mn atoms is not expected to lead to a substantial lattice relaxation. 13 To verify the validity of this expectation, we performed the calculation of the atomic relaxation for the four-cluster case. We used a plane-wave pseudopotential code ͓VASP ͑Refs. 14 and 15͒ within the local spin-density approximation ͑LSDA͒ ͑Ref. 16͔͒. The atoms are described by ultrasoft Vanderbilt-type pseudopotentials 17 as supplied by Kresse and Hafner. 18 The wave functions are expanded with an energy cutoff of 348 eV. The electron density was calculated using special k-point sets 19 corresponding to a 2 ϫ 2 ϫ 2 folding. The calculations were started with nonsymmetric positions of the Mn atoms. After the relaxation, the tetrahedral symmetry of the ideal Ga positions has been restored.
To study the sensitivity of the calculational results to the positions of the Mn atoms, we repeated the calculations of the four-cluster system for assumed inward and outward atomic relaxations up to 10% of the linear cluster size. Even for these very large changes of the Mn positions, all the conclusions of the paper remain qualitatively valid.
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